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A Short Course 


OVERVIEW 


This short course is designed to provide an insight and greater understanding of the dramatic progress 
being made in magnetic head technology, the head/disk interface and the role these play in the accelerating 
pressure for higher areal density and disk drive miniaturization. The opportunities presented by new 
advances such as the MR head and in micro-mechanics will be covered as well as the challenges the move 
to gigabit per square inch densities raise for design, test and manufacturing of disk drives. 


AUDIENCE 


This course is intended for engineers involved in disk drive design, the design or manufacture of their 
magnetic head/media components as well as scientists, technical managers, planners and consultants in 
the magnetic data storage industry. 


SANTA CLARA UNIVERSITY 


SESSIONS 


Overview: Where We Are and Where We Are Going .. . Edgar Williams 
This session will review progress in magnetic recording heads, disks and channel electronics and will indicate directions for improvements 
which allow increased areal densities in tomorrow's disk drives. Conventional ferrite, MIG and thin film inductive heads will be compared 
with newer components such as double MIG, multiple yoke thin film heads, and MR detectors. Improvements in preamplifiers, write drivers, 
media properties and in head air bearings will also be addressed in this session. 


Inductive Thin-Film Heads ... Erich Valstyn 
Miniaturization of disk drives and the demand for higher areal density dictate changes in the design of inductive thin-film heads, particularly 
an increase in the number of turns and in the number of layers of the coil, as well as a reduction in pole-tip width. On the other hand, 
standard-size drives are moving toward higher data rates. The ramifications and challenges of these design changes will be addressed. 
Novel designs will be discussed. 


Magnetoresistive Heads .. . Mason L. Williams 
Basic concepts of magnetoresistive head operation, description of published design alternatives, techniques for biasing and stabilizing 
the magnetoresistive element, and examples of the results of micromagnetic modelling of sensor elements. 


Silicon Planar Heads ) ... J. P. Lazzari 
Silicon planar heads based on microelectronic processing were developed five years ago. This lecture is a review of today’s status and 
potentialities. The new 57 turns design will be described and performances in recording will be given (electrical and start stop). MR 
silicon planar head design will be discussed. As gate arrays in microelectronics, silicon planar heads are personalized just at the end 
of the process fabrication. The head design has been optimized for full automatic assembly. Finally, we will show how, with silicon planar 
heads the head industry may move into the IC’s maker's world. 


High Density Vertical Recording Heads ... Eric Katz 
The subject of this talk will be the heads which are used with perpendicular recording media to increase storage densities in disk drives. 
The relevant background on perpendicular recording will be presented, including a discussion of the important similarities and differences 
between longitudinal and perpendicular recording. 


Scaling Suspension System Designs . . . Celia Yeack-Scranton 
Disk drives are evolving toward smaller physical devices with closer head to disk spacings and tighter tolerances on those spacings. 
This represents a challenge to suspension design since the air bearing requirements do not scale with suspension size reduction and 
there are practical constraints on materials and dimensions. Simple scaling examples will be given with a discussion of the current industry 
solutions and challenges for the future. 


Head Positioning and Tracking for High Track Densities ... John S. Heath 
This session sets out to explain why bits are not square! The session reviews the operation of actuators and various servo systems 
in positioning and tracking. The dependence of track density on errors in head positioning is explained, and how the various sources 
of position error depend on the servo architecture and mechanical design. Finally, the ways in which these errors have been reduced 
to enable higher track densities are described, and the factors limiting track density are identified. 


Low Flying/Contact Recording ... James U. Lemke 
Since the dominant losses in recording and reproducing are exponentially dependent upon the ratio of the spacing and the inverse 
wave-length, high recording densities of current and projected recorders/drives dictate near-contact between the head and medium. 
Inevitable asperity contacts generally limit the durability of the interface in current disk applications. Efforts to prevent contact while 
achieving acceptable small interface spacings will be reviewed with emphasis on new liquid interfaces using non-Newtonian liquids. 
Other approaches to contact recording will also be discussed. 


Magnetic Head Testing ... Ralph Simmons 
The advances in recording density and in drive performance must be matched by advances in the characterization of the read/write 
heads. In this session, a brief overview of the specifications for a typical head tester will be followed by detailed discussions of signal 
to noise and pulse shape characterizations. Particular attention is paid to measuring the matched filter SNR and to issues involved 
with high transfer rate applications. The discussions will cover both inductive and magnetoresistive heads. 


Signal to Noise and Equalization Issues ... Tom Howell 
As recording densities increase, the amount of magnetic material representing each recorded symbol decreases, and the signal to noise 
ratio decreases. In order to maintain and even improve reliability, system designers must use better coding and signal processing 
techniques. Write precompensation can counteract nonlinear transition shifts. Adaptive equalization can reduce distortion in readback 
signals. Maximum liklinood detection and new codes can improve the system's immunity to noise and distortion. 


Smail Form Factor Drive Design Tradeoffs . .. Bob Kobliska 
The advanced magnetic recording technologies required for small form factor drives will be reviewed. The design process consists of 
the optimization of the head and disk characteristics, the tailoring of the flying height profile, and the verification of the tribological 
performance. The proper selection of read/write detection and error correction chips will be discussed. The design considerations for 
a 1.8 and 1.3 inch drive will be highlighted. 


Case Study: 1.3 inch “Kittyhawk’’ Drive . .. Carol Schwiebert 
In June 1992, Hewlett-Packard announced the first 1.3” drive aimed at the mobile computing market. This session will discuss the actual 
head/media system design tradeoffs that were made to meet the program goals of ruggedness, performance, cost and schedule. 


FACULTY 


Edgar M. Williams, Read-Rite, is Vice President of Advanced 
Technology where he is responsible for the design and analysis of 
new devices and concepts in magnetic recording transducers. Ed 
has worked 27 years in magnetic recording and in xerographic 
technologies. He has published numerous technical papers, a book 
on xerography and co-founded Gemini Magnetics, Inc. in 1983 
where he developed thin film magnetic disks for small disk drive 
applications. 


Erich P. Valstyn, Read-Rite, received his Ph.D. in E.E. from the 
University of Minnesota. He has worked in the field of magnetics 
and magnetic recording the last 30 years and is now Director of 
Device Analysis at Read-Rite. 


Mason L. Williams, IBM, received his Ph.D. in E.E. from U.S.C. He 
has been at IBM in San Jose since 1970, where his work on thin 
film media recording with R.L. Comstock led to the Williams/ 
Comstock recording model in 1971. In 1982 he joined the IBM 
Magnetic Recording Institute and its current successor, the IBM 
Advanced Magnetic Recording Laboratory. Presently he is manager 
of Head Physics in the Research Division, IBM-Almaden and has 
interests in recording head design and micromagnetics. 


J.P. Lazzari, Silmag, is CEO of Silmag and is the inventor of planar 
silicon heads. He obtained his Ph.D. degree at Grenoble University 
in 1970 where he was responsible for developing the first thin film 
heads. From 1971 to 1981, he worked for Cll Honeywell Bull where 
he was Director of the Research Center. He returned to LETI in 1981 
to manage the Microelectronic Department. Jean Pierre Lazzari 
holds more than 100 international patents. 


Eric R. Katz, Censtor, received his Ph.D. in Physics from U.C. 
Berkeley in 1969. Since then he has worked in many areas within 
magnetic recording, including particulate media development, ferrite 
and thin film head development and component evaluation and 
optimization for floppy disk drives. Currently Principal Scientist at 
Censtor, he is working on advanced perpendicular recording 
components. He has published a number of papers and holds 
several patents. 


Celia Yeack-Scranton, IBM-Almaden, is a Research Staff Member 
and has worked in the disk drive business for over 13 years. Her 
areas of expertise include glide test, ultrasonic transducers and 
contact recording. Her broader research interests are in overall HSA 
design, head process technology nonvolitile RAM and micromotors 
for DASD. She is a senior member of the IEEE and has a Ph.D. in 
Applied Physics from Stanford. 


John S. Heath, IBM, since joining IBM in 1968 has been involved 
in or has lead the mechanical and servo design and development 
of disk products from 14 to 2.5 inches. Inventor of the rotary actuator, 
he holds many patents and is currently in the Adstar Advanced 
Magnetic Recording Lab. He is a Fellow of the | Mech E and a 
member of the IBM Academy of Technology. 


James U. Lemke, Recording Physics, has been active in magnetic 
recording R&D most of his professional life. He received a Ph.D. in 
theoretical physics from U.C. San Diego, and has published 
numerous papers on the theory and practice of magnetic recording. 
He holds several patents in this field. He is an IEEE Magnetics 
Society Distinguished Lecturer for 1991-1992. 


Ralph Simmons, Hewlett Packard, is responsible for character- 
ization of advanced head/media systems for Hewlett Packard's Disk 
Memory Division. Since 1979, he has worked on the design and 
characterization of magnetoresistive heads, of sputtered thin film 
media and on error rate budgeting for various head/media systems. 
He received his Ph.D. in Physics from Washington State University 
in 1979. 


Tom Howell, Quantum, is Director of Advanced Recording 
Technology. He spent 13 years in the IBM Research Division where 
he worked on application of coding and signal processing 
techniques to magnetic recording systems. In 1990, he joined 
Quantum where he is responsible for the development of advanced 
technology in the areas of heads, media and channels. He received 
his Ph.D. from Cornell University. 


Bob Kobliska, Aura Associates, received his Ph.D. in Physics from 
the University of Chicago. He joined the research staff at IBM in 1973 
and has managed groups concentrating on magnetic bubbles, 
lithography, magnetic materials and tribology. From 1985 to 1991 he 
was V.P. of Engineering and Chief Technical Officer at Akashic 
Memories. In 1991 he joined Aura Associates as V.P. of Technology 
to design small form factor disk drives. 


Carol Schwiebert, Hewlett Packard, is the research and 
development head/media manager for 5.25” and small form factor 
drives at Hewlett-Packard’s Disk Memory Division in Boise, Idaho. 
Carol has a B.S. in Electrical Engineering and Mathematics and an 
M.S. in Physical Chemistry from Oregon State University. 
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Magnetoresistance phenomenon 


a a 


Ordinary Magnetoresistance 


Caused by curvature of electron paths by the Lorentz force 
when the mean free path is larger than the cyclotron radius, the 
ordinary magnetoresistance increases with the square of the 
magnetic field perpendicular to the current. This is not the 
dominant mechanism in NiFe at room temperature. 


Figure 1. Ordinary resistance increases with square of B normal to J 


F=qVXB=mV'/r 
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Anisotropic Magnetoresistance in 
Ferromagnets 


Figure 2. Resistance depends on angle between M and J 


Origin In NiFe, conduction is mostly by 4s electrons. The 
resistance is largely determined by scattering to 3d states, 
because in the transition metals the 3d shell is not full. 
In the ferromagnetic state, the 3d up spin states are 
essentially fully occupied. Spin up 4s electrons (about 
half the conduction electrons) cannot scatter to 3d states 
and have longer mean free paths carrying most of the 
current. The spin-orbit interaction causes the d orbitals 
to prefer to line up in planes perpendicular to M. The 
spin down 4s electrons see more vacant d states to scatter 
into if the current is parallel to M, so the resistance 1S 
higher that way. It is almost as if the d electrons were 
an array of parallel conducting donuts. 
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Magnitude 2 to 4 percent in NiFe alloys, 3-6 percent in NiCo 
alloys’, at room temperature. At liquid hydrogen temper- 


ature, 14K, 20 percent is observed. 
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Giant Magnetoresistance and Spin Valve 
effect 


Figure 3. Giant magnetoresistance and spin valve effects 


Origin When thicknesses of layers are comparable to the spin 
up and spin down mean free paths, the probability of 4s 
electrons crossing the boundaries without spin flipping 
can be high. The resistance of the sandwich then 
depends on whether the magnetization in the 
ferromagnetic films is parallel or anti-parallel. This effect 
has the highest magnetoresistance at room temperature, 
but has yet to find practical application in recording 
sensors. 
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Magnitude At room temperature, up to about 5 percent for 
NiFe/Cu/NiFe sandwiches, and 9 percent for Co/Cu/Co 
sandwiches. Investigation of physics and materials is 


ongoing. 
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Unshielded MR read head 


Figure 4. An unshielded MR head 


The simplest MR head is just a stripe of NiFe with leads 
attached’, and perhaps some bias means to be discussed below. 
A constant current is applied, the field from the disk or tape 
rotates M and the signal voltage is observed across the sensor. 
Denoting the angle between M and J by 9, 


O09 =P)+ AP cos*O 


e Advantages 
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— Simplicity 


— Large signal 


e Disadvantages 


_ Resolution limited by size of the stripe. Although 
equalization can trade off the signal advantage for 
recovery of linear density”, adjacent track cross talk 


makes the approach only practical for low track densi- 
ties. 
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Shielded MR read head 


oem 


Figure 5. A shielded MR head 


The shielded MR head was discussed by Potter’. In this head, 
the NiFe shields increase the resolution by preventing flux from 
transitions far from the gap from reaching the sensor element. 
The linear resolution of a shielded MR head is similar to that of 
an inductive ring head which has a gap about half of the shield 
to shield distance. Details below. Variations include 


« Integrated head, in which the shields are the poles of a 
write head. 


¢ Piggyback, or dual-element, head’, in which a write head 1S 
fabricated on top of the shielded head. At the cost of com- 
plexity, advantages are less disturbance of sensor by the 
write process and the ability to separately optimize read 
and write gaps and trackwidths. 
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« Recessed sensor fluxguide heads with vertical current 


11 


routing were discussed by Sony’ at Intermag '88. Advan- 
tage is metal at gap may be grounded at a cost of read effi- 
ciency due to shorting of the lowest part of the sensor. 
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Yoke MR heads 


The presence of an electrically active element at the head media 
interface introduces concerns about wear, corrosion, and 
shorting. Yoke MR heads’ locate the sense element in a second 
gap in the magnetic path of a ring head or pole head. 


Figure 6. Yoke MR heads 


« Advantages 


_ Flement safely encapsulated 


_ Wider choice of materials 


_ Blement size decoupled from bit cell size somewhat 
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e Disadvantages 


_ Lower efficiency (less signal) 
— Domain stabilization problems for yoke 


— Ring head may be sensitive to stray fields 
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Signal bias techniques 


Recall that where © is the angle between M and J, 
2 
0 =P) + Ap cos O. 


If the MR effect is only 1 or 2 percent, we can ignore the 
second changes in current density due to p variation, and write 
the power dissipation as 


PAR = |) Ne cos’O. 


‘For uniform rotation, we can set the resistance nominal at 
© =0, note that M, = M; sin ©, so that 


in 
p 


an My AP, 

R M, ) 
For roughly linear response from the sensor, some “transverse” 
bias must be provided. In practice, the parabola reverses curva- 
ture and breaks to lower slope before total saturation due to 
local saturation caused by non uniform excitation and biasing. 
Biasing at the inflection point provides minimum second har- 
monic distortion. Some of the transverse (signal direction) bias 
approaches are: 
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Conductor bias 


Figure 7. Conductor bias sensor cross section 
Large current 1s required for effective bias. For close spacing, 


bias at bottom is less than half that in the center. May become 
shunt bias accidently. 


Shunt bias 


Figure 8. Shunt bias sensor cross section 


This is current bias with electrical contact between the con- 
ductor and the sensor. Some of the sense current is shunted to 
one side of the sensor to break the symmetry and provide a net 
transverse bias. This has the problems of conductor bias with 
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an added loss of signal power due to the partial shorting of the 
sensor. 


Soft film bias 


Figure 9. Soft film bias sensor cross section 


More uniform and efficient biasing 1s provided by this scheme. 
The soft film acts to reduce demagnetization of the biased 
sensor by providing flux closure. The sandwich acts somewhat 
like a flat toroid with two air gaps. More exact analysis shows 
the bias flux roughly constant over the sensor except for top and 
bottom regions which have characteristic lengths of 


N= ‘)pst/2 


where t is the sensor thickness and s is the spacing between 
magnetic films. Best operation of this scheme 1s obtained by 
thinning the soft film so that it just saturates at the current 
which places the sensor film at the correct bias angle. This 
avoids most loss of signal flux to the soft film. Of course, high 
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resistivity in the soft film 1s desirable to minimize signal 
shunting. 


Barber Pole bias 


Figure 10. Barber Pole sensor geometry 


In the barber pole scheme, rather than bias M at an angle to the 
stripe, one slants J by introducing an array of shorting conductor 
bars at a 45 degree angle to the stripe. The sensor current will 
be almost perpendicular to each conductor bar. The sense 
current flowing through the shorting bars also provides some 
longitudinal bias, which we will see is desirable for noise sup- 
pression. The disadvantages are loss of signal from the shorted 
areas, and tight lithography requirements. 
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Domain stabilization 


For reliable data detection, it is important that the sensor always 
respond the same to the same flux excitation. Sensor linearity 
is desirable if equalization and maximum liklihood detection 
schemes are expected to work well. A few principles”: 


Magnetization rotation is fast and linear 


Domain walls nucleate and move in complicated, irregular 
ways 


Reversal of Neel wall sense during remagnetization can be 
noisy 


Two domain patterns can Carry the same vertical flux, 
differ in R 


It is best to ensure single domain behavior in the sensor 
region. 
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Figure 11. Undesirable multiple magnetic states for same disk flux 


Methods for stabilizing domains: 


¢ Longitudinal bias fields 


e Reduce demagnetization that encourages domain formation 


— Long sensor with gradual taper to single domain width 


— Picture frame closure 
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e Exchange bias to an antiferromagnetic film (e.g. FeMn) 


« Avoid over control- it results in loss of signal 


‘Figure 12. Exchange bias to an antiferromagnetic film 
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Signal and resolution models 


With the assumption that biasing makes an MR sensor linear, a 
reciprocity relation can be used to simplify calculating the sense 
signal. The inductive head reciprocity equation gives the deriv- 
ative of flux through the head coil as the integral of —— times 
the head field produced by a unit current. We are interested in 
the flux in the sense element, so we place a ficticious thin coil 
about the sense element and integrate once to get 


co pl +O dM 
gaya w) [Bh —xo)xmmfe ava 
_cotd 


where mmf(x,y) is the scalar potential below the head with unit 
current in the imaginary coil. For improved accuracy, we Can 
vary the current density in the coil in the same way that sensor 
bias varies with position. 
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Figure 13. Ficticious coil and resultant mmf for signal calculation 


For evaluation of peak detection margins, it is useful to be able 
to calculate the response of the head to a series of equally 
spaced transitions. That response is the convolution of the head 
mmf at the head surface (a trapezoid, roughly) with the closed 
form” of the sum of an alternating series of Lorentzians of half- 
amplitude width p= 2 + a), spaced s apart: 


Tp . Tp TUX 
( 7. ) sinh( 7. ) cos(— ) 
2, TP 2, Tex ) 
cosh “a. Cae 
The convolution is easily done by multiplying the FFT's. The 


roll-off curve can be obtained by convolving the trapezoid with 
the preceding function and evaluating at x=0. 


i TTT Td OO 
22 Mason L. Williams - IBM Research Div November 10, 1992 


IIST - Trends in Head Design Magnetoresistive Heads 


More exact results can be obtained using a two or three dimen- 
sional magnetics modeling program to directly calculate flux in 
the sensor from one or more transitions. 


Sensor height considerations 


In addition to the non-uniformity of bias applied to the sense 
element, signal is limited by the non-uniformity of signal flux 
which, applied at the bottom, leaks to the shields. It's worth 
looking in some detail at this because similar phenomena pop 
up often in MR heads. Note this effect is already taken care of 
if you use a magnetic modeling program and the reciprocity 
technique described above. 
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Figure 14. Leakage of flux from sensor to shield 
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B(y) = LAG) 
a 
0 
A, = ca a B,. 
dB 
Y oe 
t= B= 2 
d°B 
RB =- dd gt © "y 
or 
a’B, ; 
7 77 Py 
dy Xr 
where 
d= (ugt/2). 


Magnetoresistive Heads 
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With the boundary condition B,=0 at y= h, 


h — 
. 
sivihil = ; 


By sinh(———) 


5. = 


Sensors higher than A are inefficient. For large lambda, there is 
at least a factor of two loss in resistance change due to this non 
uniform excitation compared to the saturation values, in addition 
to the loss due to non uniform bias. 


$$$ 
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Head-media matching considerations 


With inductive heads, the linear response allows larger signals 
to be obtained from higher moment/area media, only limited by 
the tradeoff with linear density due to demagnetizing fields. 
With magnetoresistive heads, it is necessary to design the 
head/medium system together to insure maximum signal while 
avoiding distortion from overdriving. Roughly, the moment per 
unit area of the medium should be matched to that of the sensor 
layer. 


The signal power to noise power ratio is an important parameter 
for low on track error rates. The signal energy + x,,, must be 
3 | OR 
‘several times kT for reliable detection. Engineers usually refer 
to the noise voltage of a sensor being proportional to 

RkT(Af) . If we maintain saturated operation of the sensor, the 
energy signal to noise ratio goes like 


2. 2 
V #) AR 
i he 
kT TAF 


Here, we see that in addition to Eis being important, the signal 
to noise ratio is proportional to the total de power dissipated. 
This means that a thicker sensor, requiring a thicker medium, 
can provide more signal power at the same current density, a 
similar result to the inductive situation, but not identical. Note 
that the signal power is proportional to the input power. One 


so a a ere 
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must take into account the thermal design of a head as well as 
be careful of electromigration current density limits. Note that 
the sense current in many designs cannot be adjusted at the last 
minute without resultant non-optimum biasing of the sense 
element. 


The lower limit to sensor thickness 1s found when the apparent 
resistivity rises due to dominance of surface scattering, and must 
be found experimentally. 
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Micromagnetic Modelling 
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Figure 15. Micromagnetic modelling of sensor and softfilm elements 
Micromagnetic modelling 1s possible on today's work station 
computers, and 1s necessary for detailed understanding of track 


profiles. 
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This figure by courtesy of T. R. Koehler, IBM Research Divi- 
sion 
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State of the art from publications 


At Intermag '90, C. Tsang, ef al, of IBM reported demonstration 
of Gigabit/ square inch recording with error rate testing as a 
function of off-track head positioning’. Signals were as high as 
250-300 microvolts per micron of trackwidth. Some of the 
parameters were. 


Trackwidths 
2.5 to 4.5 micron 


Write gap 
0.4 micron 


Write poles 
4 micron thickness 


Read gap 
0.25 microns 


Stripe height 
1 micron or less 


ne eee eee nee Seem TT 
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Current 
5 ma 


Flying 
About 60 nm 


Disk Moment 
0.0007 emu/sq cm 


Hc 
1800 Oe 


-3dB density 
3900 fc/mm 


-6 dB density 
4900 fc/mm 


At Intermag '91 Hitachi reported MR heads with density capa- 
bility estimated to be 2 Gb/ sq inch. 
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Published Magnetoresistive Head 
Activity 


Read-Rite, Milpitas, CA MR program for 250-450 
Mb/sq.1in. 


Rocky Mountain Magnetics, 
Louisville, CO 


MR head program for 300 
Mb/sq.1n. 


AMC, Goleta, CA Second generation (merged) 
MR head design 


| Seagate, Scotts Valley, CA 80 MB 2.5 inch disk drive 
product announced, MR 
heads at 160 Mb/sq.in. 


2.0 GB 3.5 inch disk drive 
with next generation MR 
heads at 260 Mb/sq. in. 


IBM AdStaR, San Jose, CA 


MR head development 
activity with H.P., Palo Alto, 
CA 


Dastek, San Jose, CA 


This table by courtesy of R. A. Scranton, IBM Adstar”. 
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Next Generation Magnetoresistive Heads 
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Figure 16. First generation MR Head Design and Merged MR Head Design 


This information by courtesy of R. A. Scranton, IBM Adstar”. 
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Magnetic Head Perspective 


Magnetic Head Perspective 
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Figure 17. Magnetoresistive head technology will continue into the next 
century 


This chart by courtesy of R. A. Scranton, IBM Adstar’. 
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Misc definitions 


Parameter 


The applied field necessary to rotate the 
magnetization to a right angle from the easy aX1S 
is called the anisotropy field. 


The saturation magnetization is reached when 
large fields are applied 


The slope of the hard axis curve, 47M,/H;. 


Current density in A/m’ 
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Reminder on units 


OO 


¢ Magneticians like to use cgs-Gaussian units in which the 
unit of electical potential is the abvolt (10 nV). Dont 
bother. Just use cgs-emu until you get to an electric 
circuit, then convert to SI as follows. 


« All you need to know about units 


| A/em (1.2566 is 4n/10) 


nem 
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All you need to know about Maxwell's 
equations (from a cgs viewpoint) 


> 2 > 
B=H+4m™M 


a 
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3 1/2 DRIVE 


GENERAL CHARACTERISTICS 


Track Width microns 


Gap Length microns 
Number of turns turns 
Media Size mm (inches) 


Media Coercivity 
Rotational Speed 
Head Load Force 
Flying Height 


MECHANICAL CHARACTERISTICS 
Slider sizes mm 2.25 x 2.85 x 0.52 
Matenal Silicon 
Rails Thin film silicon oxyde 
Crown A No neg crown (max 750 A) 
Camber A No neg camber 
A 10 < Ra< 30 
TEST CONDITIONS 
Test Radius R1 mm (inches) 


mm (inches) 
Skew deg 
deg 
Frequencies LF MHz 
HF 


Write Current 
ELECTRICAL CHAR 
Amplitude (HF,R1) 
Isolated Pulse 
Resolution (R1) 


ACTERISTICS 
microvolts 


> 600 
No undershoot 


Yo 


Overwrite (R2) dB 
Instability % 
PW 50 (R1) ns 


Signal to noise ratio dB 
Popcorn noise 

Bit shitt 

Linear Density (D50) 
Resistance 
Inductance (1 MHz) 
| Resonant frequency 
Number of C.S.S. 
Stiction friction coeff. 


FRPM (FCI) 


Note : | 
a)Specifications are based on tests with KOMAG media and Guzik 501 tester. 


b) All others specifications will be respected in regards to customers requests. 
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3 1/2 DRIVE 


GENERAL CHARACTERISTICS 


Track Width microns 


Gap Length microns 
Number of turns turns 
Media Size mm (inches) 
Media Coercivity Oe 
Rotational Speed RPM 
Head Load Force grams 


Flying Height microns (yin.) 


MECHANICAL CHARACTERISTICS 
mm 


Slider sizes 2.25 x 2.85 x 0.52 
Maternal Silicon 
Rails Thin film silicon oxyde 


A No neg crown 
A No neg camber 
Rugosity A 10 < Ra< 30 
Test Radius R1 mm (inches) 24 (0.95) 
mm (inches) 45 (1.78) 
Skew R1 deg - 6,3 
deg 215.9 
Frequencies LF MHz 2.25 
MHz 9 
Write Current mA OP 15 
Amplitude (HF,R1) microvolts > 700 


No undershoot 


Isolated Pulse 
Resolution (R1) 


“fo 


Overwrite (R2) dB 
Instability Yo 
PW 50 (R1) ns 


Signal to noise ratio dB 
Popcorn noise 

Linear Density (D50) 
Resistance 

Inductance (1 MHz) 
Resonant frequency 
Stiction frictioncoefficient 
Number of C.S.S. 


FRPM (FCI) 


Note : 
a)Specifications are based on tests with KOMAG media and Guzik 501 tester. 
b) All others specifications will be respected in regards to customers requests. 
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description 


©} The complete device (head, slider, ABS) is fabricated 
on silicon wafer with micro electronic Processes. : 


> SiO, coats the rails and the head: | : 
SiO, is used by etching fo shape and design ABS.: 


& The Peripheral Secondary Surface (PSS) obtained} 
contributes to Getermine the flying parameters, 
on the entire disk radius. 


&> PSS surrouds ABS including loading, trailing and] 
lateral edges. 
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SIMILARITIES BETWEEN LONGITUDINAL AND PERPENDICULAR RECORDING 
- RESOLUTION DEPENDENCE 
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SIMPLIFYING ASSUMPTIONS 


LONGITUDINAL 


1. The longitudinal field of the head is described by the 
Karlquist field function 


2. The media maqnetization lis completely longitudinal 
(no vertical component) 


3. The transition region can be approximated by an arctangent 
Function: 
M(x) = Mo aretan ( (X-xXe) /a) 
RESULTS 


1. Isolated transitions result in a Lorentzian shaped pulse: 


| 
V(t) = Ve Tee 70) 


Di The width of the pulse is given by: 


PW5o = 2Y(@+d)” + G/2)* 


3. For media of finite thickness, t, the effective flying 
height is measured to a point interior to the media. This 
increases PWsp slightly, as follows: 


PWe, = 2V @ed\(ard eft) +(9/2)° 


f 
The resolution performance characteristics of thae head 
(bitshift, amplitude vs bit density) are determined by PW-, 
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APPLICATION OF LONGITUDINAL RESULTS 
TO PERPENDICULAR CASE 


THEOREM 1 - The write field of a gapped-ring head is the same 
as that of an oppositely magnetized slab with the 
same dimensions as the gap. 


= « 
2 i 


THEOREM 2 - Regarding the fringing field of a uniformly 
magnetized 2-dimensional body: if the 
magnetization of that body is rotated uniformly 
by any angle (say 90°), then at each point in 
Space external to the body, the fringing field 
rotates in the opposite direction by the same 
angle (in our example, -90° ). 


THEOREMS 1 AND 2 CONVERT A GAPPED RING HEAD TO A PERPENDICULAR 
RECORDING PROBE HEAD, WITH PROBE THICKNESS EQUIVALENT TO 
THE ORIGINAL GAP LENGTH. 
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THEOREM 3 - CONVOLUTION THEOREM 


A. Applied to media which is magnetized purely 
longitudinally: the readback signal is given by the 
convolution of the longitudinal component of the head 
writing field function with the media magnetization 
Function. 


B. Applied to media which is magnetized purely 
perpendicularly: the readback signal is given by the 
convolution of the perpendicular comvonent of the head 
writing field function with the media magnetization 
function. 
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-_ 
i 
a a" 


PWso = 24 (axd)® +(9/2)* 
> 2Y G@td)(atdet) + Cy/)* 


PERPENDICULAR RECORDING - RESOLUTION 


1. Probe tip thickness in perpendicular recording plays the 
same role as gap length in longitudinal recording. 


2. Both have the same spacing loss (flying-height) 
sensitivity. 


3. Both depend in a similar way on the transition length 
in the media: 


PWey = 2 (aszd\(atdt+t) + (4/2)* 
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4. For a double layer media (permeable underlayer), the head 
"sees" images of magnetic structures located above the 
underlayer. 


a. This doubles the effective thickness of the written 
media. 


b. This doubles the perpendicular component of the head 
write field function at the position of the media, 
thereby increasing the amplitude response of the head. 


PWeo => 2 (a+d)(a+d+2t) + (9/2) 
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SIGNAL AMPLITUDE - DEPENDENCE ON FLYING HEIGHT 
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m = —s __ 


| Rg + Re 


Ry = ap relucTrance 


ee = core relucrance 


Ze 


SIGNAL AMPLITUDE - PERPENDICULAR 


. FLUX LINES ARE GENERATED EVERYWHERE IN THE MEDIA, 
EXCEPT AT THE TRANSITIONS. 


THE RELEVANT FLUX LINES ARE THE ONES IN THE MEDIA IN 
THE IMMEDIATE VICINITY OF THE PROBE TIP. 


THESE FLUX LINES ARE DIVIDED INTO TWO PATHS: 
— THROUGH THE HEAD 


— DEMAGNETIZING FIELDS INSIDE THE MEDIA 


THE FRACTION OF THE FLUX LINES IN EACH OF THESE PATHS 
DEPENDS ON THE MAGNETIC RELUCTANCES OF THE TWO PATHS. 
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Figure 10A 
DIAGRAM OF HEAD ON DUAL LAYER MEDIA 
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Figure 10B 
EQUIVALENT MAGNETICS, IMAGE CHARGES 
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RESULTS 


+ 
Dpeap = 2He  G°syp 7 
fhe. = Media Coercivity 
9 = Probe TIP Thickness 
T = Media rhickness 
D = Head/media Spacing 
Y = Core cf Ei clency 


Br =Media pemanance 
T = Media thickness 
q > Core eftticien cy 


1. Available flux is proportional to g rather than T. 
2. Media remanance is proportional to coercivity. 


3. Flux divider action term: Signal amplitude drops as 
Din increased past T (In addition to dropping 
due to the broadening of the pulse). 


Design optimization for perpendicular recording is 
based on these considerations. 
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DISK - B-A (35 mm) 
HEAD - 1037-26-10 
CONDITIONS: 
MICRO. READ.- 28.70 PERIOD - 28.30 
SPEED - 2117 RPM, DETENT - 120 MM 
RADIUS - 1.70", VELOCITY - 377 IPS 
FREQUENCY - 18.6 VFO , 13CODE.RLL 
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DESIGN PHILOSOPHY AND RATIONALE 


RUN HEAD IN CONTINUOUS CONTACT WITH DISK 
High Areal Density 


Better use of ZER 


MAKE MASS OF HEAD VERY SMALL 
High Mechanical Frequencies 


Low Inertial Forces 


PRELOAD KEAD WiTd SMALL FORCE 
Maintain Compliance with Disk 


Keep Pressure Low to Minimize Wear 


MAKE CONTACT PAD VERY SMALL 


Keep Pole Tip Close to Media in 
Presence of Disk Runout 


Waste Less of Data Band 


FABRICATE HEAD ENTIRELY BY WAFER-FAB TECHNIQUES 
Low Cost 


Maintain Tolerances on Small Dimensions 


DESIGN DETAILS - HEAD 


FLEXURE - Flexible beam of pattern-defined sputtered 
ceramic material. 20 mils wide X 400 mils length 
X 2 mils thick 


SLIDER - sputtered ceramic pad, approx. 1 mil square, 
reinforced with proprietary wear control material 


PRELOAD - 40 milligrams, nom. 
EFFECTIVE MASS - 400 micrograms 
eo enaen ACCELERATION - 100 g’s 
GIMBALING - not needed 


WEAR LIFE - 5 years, continuous duty 
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PHYSICAL DESCRIPTION OF THE HEAD 
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ELECTRICAL PERFORMANCE 
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STATIC ELECTRICAL CHARACTERL STICS 


NUMBER OF TURNS 60 
RESISTANCE 40 2 o” 
INDUCTANCE 0.6 pH 


RESONANT FREQENCY ~ 33 MHz 
( Cy. ~35 pF ) 


TRACK WIDTH (early prototypes) ti pM (440 pp") 
( 2000 TPI ) 


PROBE TIP THICKNESS (early prototypes) 0.3 pM (12 p") 
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PW50 19 1” 


br 


? 
e 
. 
t 
bd 
. 
} 


i] 
. ee @ ane 2 2 heere 


- 
- 
- —_— 


50 nS/dit 100: aS/div 


| 


e 
Rea 
2 ap 
vee 43:8 @ 


@e:« @ @ e@eee 
ee 
+e @~@ewe § + 19° @a 
‘ 


' 
. 
eeeheeee 


) 


hw OAT Sa eee Oy ey ee a 


1 
b adh ad 


7 8 3 


, 


e 
* 


Lo Nin saieh ee WY, 
. serge @ e 


F 

3 

t 

4 

$ 

' 
eee 


’ 
e¢ 


eter 
a 
+ 


$ 
t 


’ 
> ore erge 


200 nS/div 


ISOLATED PULSE WAVEFORM 
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ONCE-AROUND ENVELOPE 
Seances incl Moir ali 


V = 300 IPS @ 2400 RPM 
HEAD: R2C1 (60 TURNS T.W. = 11 uM) 
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MR HEADS - ADVANTAGES 


L. WRITE-WIDE READ-NARROW CONFIGURATIONS POSSIBLE. 
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.MUTUALLY BIASED ELEMENTS 


RESISTANCE-SENSOR CURRENT IN EACH ELEMENT ALSO 


USED TO BIAS THE ALTERNATE ELEMENT 
L 4 
@) 
® 
© 
4 4 


CURRENTS IN SAME DIRECTION 
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POSITION ALONG MR ELEMENT 


RESPONSE OF DUAL ELEMENT MR SENSOR TO PERPENDICULAR MEDIA 


V(X) 
SECTION 1 


(CLOSEST TO ABS) 


<< 
POSITION OF TRANSITION, X 


V(X) 


SECTION 2 


DOSITION OF TRANSITION, X 
V(X) 
SECTION 3 
(FARTHEST FROM ABS) 


POSITION OF TRANSITION, X 


V(X) 


COMPOSITE 


POSITION OF TRANSITION, Xx 


} 04 


RESPONSE OF OVERBIASED (EXCEPT NEAR ABS) DUAL ELEMENT 
MR_ SENSOR TO PERPENDICULAR MEDIA 


¥(X) 


SECTION 1 
(CLOSEST TO ABS) 
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POSITION OF TRANSITION, X 
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SECTION 2 | , . 
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ADVANTAGES OF DUAL ELEMENT MR HEAD FOR PERPENDICULAR 


a 


2. 


RECORDING MEDIA 


GENERATES SYMMETRIC, RATHER THAN ANTISYMMETRIC PULS& 


COMMON MODE NOISE REJECTION, INCLUDING THERMAL NOISE 
SPIKES FROM CONTACT OF HEAD WITH MEDIA ASPERITIES. 


VERY HIGH SPATIAL RESOLUTION POSSIBLE BY USING THE 
2 ELEMENTS CLOSE TOGETHER, AND USING OVERBIAS TO 
LIMIT RESPONSE TO PORTIONS OF THE SENSOR VERY CLOSE 
TO THE MEDIA. 


OPPORTUNITY TO USE THE VERY HIGH RESOLUTION POTENTIAL 
OF PERPENDICULAR RECORDING MEDIA. 


JO 


SUMMARY 


1. PRESENT DENSITIES OF INDUCTIVE PERPENDICULAR RECORDING 
HEADS (IN-CONTACT) IS ~300 Mb/SQ IN 


1.1 SMALL "SLIDER" SIZE ALLOWS USE OF MORE DISK AREA 
1.2 CONTACT MODE ALLOWS MORE GAINS FROM ZONE-BIT RECORDING 


1.3 LESS.SEVERE TOLERANCE ON THROAT HEIGHT IMPROVES EASE 
OF MANUFACTURING 


2. EVOLUTIONARY IMPROVEMENTS OF INDUCTIVE HEADS ~1 Gb/SQ IN 
2.1 INCREASE NUMBER OF TURNS AND TURNS LAYERS 


2'.2 DECREASE PROBE THICKNESS AND USE HIGHER Ms POLE MAT'L 


3. FOLLOW-ON WITH MR HEADS AND PERPENDICULAR RECORDING 
MEDIA ~3-5 Gb/SQ IN 
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Scaling Suspension System Designs 
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e Suspension Basics 

e Slider and Air Bearing Trends 
e Suspension Scaling Exercise 
e Inertia 

e Design Examples 

e Where are We Headed? 


e Summary 
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A Few Basics. 


e Scaling 
— Shrinking All Dimensions by N 
— Usually a Theoretical Exercise 
e Downsizing 


— Decreasing Dimensions, But Not All By Same 
Factor 


— Usually Determined by Practical Constraints — 


e Observations 


— Understanding Details of Suspension Design 
~ Requires Sophisticated Modeling Tools and Well 
Understood Boundary Conditions 


— Understanding Trends and Challenges Can Be 
Accomplished by Scaling Relatively Simple 
Structures 
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Typical Suspension 


Mounting Block 


Load Beam 


Flexure 


© 
SSS 
<< Slider 


we 
we 
a 


wl 


Mounting Block 


/ 


Bend Region 


Load Beam Dimple 


Ribbed Section 


(from Wilson and Bogy, 1992) 
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Important Suspension Design Parameters 


Mounting Block 


Load Beam Dimple 


/ 


Bend Region 


Ribbed Section 


e Load Force 

e Pitch and Roll Compliance 
e Pitch and Roll Static Attitude 
e Lateral Stiffness 

e Lateral Strength 

e Low Profile 

e Load/Unload Compatibility 
e Inertia 

e Resonant Frequency 

e Lead Routing 

e Cost 
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_ Finite element model of the suspension assembly. 
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Typical Suspension Resonance Modes 


Numerous Modes 


Off-Track Most Troublesome 


November 20, 1992 (Celia E. Yeack-Scranton ) 


cnn nn nnn aE 
Historical Suspension Trends 
oan tases scsodesicteninaesesttonn haliuiesesnscgsipsadneeuieeynnetoienistee 


e IBM 3350 - IBM 3380 Design Evolution 
Create Hinge Section for Bending 
Reduce Flexure Width at Slider 


Significant Overall Size Reduction 


e Inline Suspension 
First Offtrack Mode is Torsional or Yaw, NOT 


(Lower) Bending Resonance 


e Reduce Offset Angle 
Decreases Out of Plane Excitation 
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New News 


et 


e Shock Requirement for Laptop, Palmtop Is 
— > 1000g’s for Small Form Factor 
— Possible Significant Disk Deflection 
— Slider to Disk Separation When 


Mass x Shock Acceleration > Load Force 


Improvement Requires Increased Load 
Force or Reduced Mass 
e Reduced Disk to Disk Spacing 
—  Iner reases Shock Exposure 
— L/UL More Difficult 
— Requires Better Stacking Tolerances 


— Requires Lower Profile Suspensions 


i a me 
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New Solutions 


a 


4 , 
tii 
e TPC Sliders 
— Uniform Fly Height 


rey 


e Shock Sensing/Write Inhibit 


e Load/Unload 


— Integral Example 


e Sleep Mode 
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TPC (Transverse Pressure Contour) Sliders 


i —— 


e Uniform Fly Height for Disk Velocity, Skew Range 
e Potential Suspension Tolerance Relaxation 
e Requires Air Bearing Patterning 
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Fig. 4—Flying height radial profile for TPC and TF1 sliders 


(J. W. White) 


Fig. 5—The transverse pressurization contour (TPC) slider 


Applied Magnetics has developed o proprietary process 10 fashion steps for 
TPC ir bearings in thin-film disk head sliders. 


(Applied Magnetics) (Seagate) 


i= =F: November 20, 1992 ( Celia E. Yeack-Scranton ) 


waa 0) 39 


Slider Downsizing 


Dimensional Scaling By N= *% (N=./) is Recent 
Industry Trend 


Performance Changes Do Not Simply Scale 
But Trends Observed in Literature: 


Enhanced Impact Stability From Sliding to Flying 
(Shown for 50% Sliders at Normalized Fly 
Height by Kumaran, Lue, and Talke) Due To: 


— Smaller Slider Length, Width (Reduced 
Impact Moments) 

— Reduced Height (Reduced Moments from 
Friction) 

— Increase in Pitch Angle 


Increased Air Bearing Resonant Frequencies 
(Briggs and Talke, 1990) 
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Consequences of Slider Downsizing 


i  —— 


(Suspension - Related) 


e Potential Improvements 
— Reduced Inertia Component from Slider 


— Increased Shock Resilience, If Mass Decreases 
More Rapidly Than Load 


— Allows Some Flexure Thickness Reduction — 


-e Challenges in Manufacturing Tolerance Control 
— Suspension Attach 


— Lead Attach Effects 


—_ oe oe cane 
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Example - Slider Size Effect on Suspension 
Resonances 


Full Size Slider 


@6@5 T-7 OPTIMIZED PARTS PT.D 


! i 
1600 2000 3000 4000 36006 6600 760e 8 eee 93088 16000 


FREQUENCY 


70% Slider 


UENCY i. area 5.8 

PEAKS F 184 46.2 

@612 T-?7 70 percent test PT.D . 
50 


2 
48 
30 : 
29 
10 1 | 
b : hf Ya 


18060 2600 3600 4000 53660 60006 7060 8660 3008 10000 
FREQUENCY 


(From Hutchinson Technology Inc. Product Literature) 
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Suspension Scaling 


, . en: 


Key Scaling Equations 


t E 
f 0 (2 \ 0 (resonant frequency) 
Etw° 
Kt = 
= mS 
EWt 
Kee 
4L° 
F = K\oé | (loading force, deflection) 
a tWG 
: L 


If all dimensions scale by N = 1/2 


f  -72f 

Ki — 1/2 Kt 

Ky — 1/2 Ky 

Fo + 1/4F if 6° 1/26 
Ky’ — 1/8K7 


(transverse stiffness) 


(vertical stiffness) 


(torsional stiffness) 


(E is Young’s Modulus, G Is Shear Modulus, o is Density) 


= 2 ee a 
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Scaling - Moments of Inertia 


By | 
j= P a) 2 — xix;) dV 


V k 


Thus for Rotation Around Z Axis, 


"gee 2 2 
log = pt| | ox dy (Xx + Y ) + Majider L 


For a Simple Rectangular Plate, t X W XL, With 
Slider of Mass M, 


M 
plate 92 y) 
33> 3 L™ + Moider - 


If All Dimensions Scale by N= 1/2, 
Et aces) 
33 39 33 


=. = = oe 
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Head/Suspension Scaling - Roll 


LL 


a haan 


Eu. { t EH.+ (EH) 


a ff f/f 


e Air Bearing Forces on Each Rail Provide a Torque 
Against Suspension Torsional Stiffness to Correct 
Roll Static Attitude, Keeping d(F.H.) Within Spec. 


0(Load) 


——————— ° 6(F.H) °W 
o(Fly Height) (FAD 


e Air Bearing Torque is = 


—_————-—————" 
stiffness, Ka 


© If @g is Max Allowable Suspension Roll Static 


Attitude, 
Kn6(F.H.)W 
ae 
OR 
e If Dimensions and F.H., 6(F.H.) Scale by 1/2, 
Kad(F.H.)W 
Ky’ < ? Kad(FH)W 
Or 


(Assumes Kaoc1/(F.H.)°) 
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Typical Frustrations to Scaling 


Finite Practical Thickness For Stainless Steel 


— Warp 
— Buckling 

. eee 
— Fragility OF a ee 


Stiction Increases With Smoother Surfaces 
— Reduced Rail Size Only Partially Helps 


Customer Shock Requirements Increasing Very Rapidly 
As Portable Applications Emerge oo 


Some Things Smply Don’t Scale Well 

— Load/Unload Devices 

— Wire Size 

— Bearings 

— Electronics 

— People Who Assemble Files 

Disk Diameter Decreasing Only By 1/,/2 Per Generation 


Tolerances Must Improve With Dimensional Reductions 
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Example - Hutchinson Type 2 Suspension 
SS een rrernn nn nnn Recent Vereen eee 


=~32 mm Overall Length 
2° Offset Angle (Loaded) 
15 gmf Load 


1.7 mm Loading Deflection 
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(From Hutchinson Technology Inc. Product Literature) 
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Example - Hutchinson Type 7 Suspension 


~24 mm Overall Length 
No Offset Angle (Loaded) 
3 gmf - 14 gmf Load 


Modified Hinge Region 
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(From Hutchinson Technology Inc. Product Literature) 
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Example - Hutchinson Type 14 Suspension 


=~24 mm Overall Length 

No Offset Angle (Loadeq) 

3.5 gmf - 7 gmf Load 
Reversed Rails for Low Profile 


L/UL Optimizations (Debris and Shaping) 
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(From Hutchinson Technology Inc. Product Literature) 
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Example - Hutchinson Flexure Stiffnesses 


C—O 


Stiffnesses in N-mm/deg (|bf-in/deg) 


Types 2, 7 (Thicknesses = .051 mm, .038 mm) 


FEA 0062 (5.5x1079) 0108 (9.6x10-2) 
Experiment 0073 (6.5x10->) .0087 (7.7x10-5) 


Reduced Thickness 


Pitch Roll 
FEA 0026 (2.3x10-2) 0043 (3.8x10-5) 
Experiment 0028 (2.5x10->) 0036 (3.2x10-9) 


Type 14 (Thickness = .051 mm) 


Pitch Roll 
FEA 005013 (4.4x10-5)  .007364 (6.5x10-2) 
Exper | 005498 (4.9x10-5)  .005764 (5.1x10->) 


NOTE that Stiffnesses for Flexures DO Scale as t 


(From Hutchinson Technology Inc. Product Literature} 
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Example - Hutchinson Suspension Resonances 


Type 2 


FREQUENCY 1. 93044 31.2 


1 
4 
Wl) 
a 


1 


PEAKS 2. 5624 Z 
3. 6236 Zant 


1480 2888 38668 48600 0868 6868 760 
FREQUENCY 


10060 2800 3000 4800 56e@ 6800 7068 8080 9006@ 10000 
FREQUENCY 


Type 14 ; 


_ 48 
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1e@e@ 206@ 3800 4800 58ee 6 ee 7?06@e 8860 90980 160980 
FREQUENCY 


(From Hutchinson Technology Inc. Product Literature) 
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Summary 


lf Suspensions Simply Scaled (Down in Size) Most — 
Suspension Performance Parameters Would Improve 


Practical Limits Prevent Simple Scaling, but 
Downsizing Trends and Design Improvements Give 
Performance Gains 


New Requirements Present New Challenges 
— Shock 

~— Load/Unload 

— Tight Disk Spacing 

— Ultra Low Fly Heights 
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Introduction 


The purpose of tracking control in a disk drive is not simply to follow the data, it is 
to follow it will enough that the best possible density can be obtained in the 
product. To understand the link between tracking accuracy and the track density 
we have to consider the recording and reading process from the point of view of 
the noise introduced by mis-positioning, as well as the various mechanical causes 
of mis-positioning themselves. And to understand the causes we have also to look 
at one of the cures, the servo. So these notes cover the recording process, the 
servo and the mechanics of the disk file. Only the interface 1s ignored. 

An understanding of servo theory is not required. 


Noise sources due to mis-positioning 


Density is limited by Noise 
The development of disk drives has been primarily concerned with miniturisation. 
First of the head magnetics, then of the media thickness, and recently of the drive 
itself. The process of miniturisation has only been possible as far as has been 
permitted by reductions in noise. Smaller parts may mean less noise in some cases 
but not all. As the head is narrowed, noise is certainly increased if nothing else is 
changed. Noise 1s the limitation of track density so this is where we start. 
Old Information 
Any write operation leaves old information on either side of the newly written 
track. This is because of three effects. 
Side writing 
Mis-positioning at time of writing 
Mis-positioning at time of reading. | 
The capability to read in the presence of Old information is referred to as OJ 
capability. OI tests produce curves of error rate vs distance the head is off-track. 
The test is done on a precision test stand and the results are called Bathtub curves 
named for the shape. (Figure 1) OI capability is rated as the off-track distance 
where the error rate falls to 8E-5 per byte. 


Adjacent track interference 
Data written on an adjacent track after the current track was written may improve 
signal to noise by overwmniting other noise, but it will more likely degrade the signal 
by over-wniting the data being read (Squeeze) 
Squeeze 1s defined at the amount of track overlap. (figure 2). 
The capability to survive squeeze 1s rated by the 747 test method . 


747 Curve 
Named for its shape which resembles a 747 cockpit (figure 3 taken from reference 
1.) The curve results from a test to find the off-track capability when reading over 
previously written data, and with an adjacent track written at a variable distance. 
Figure 2 shows the pattern of data for this test, OI 1s the Old Information distance 
and SD 1s the squeeze. The test determines how squeeze changes the OI capability. 
There are 5 significant points on the curve figure 3. 
]. Adjacent track far removed. No effect on OI. 
2. Adjacent track starts to reduce coherent noise. OJ starts improving. 
3. Adjacent track erase band butts read track erase band. OT at peak. 
4 Erase bands overlap. OI same as with Old information noise. 
5. Further squeeze reduces OT to point of on-track failure. OI = 0. 
Optimum noise rejection is close to the point at which the 747 curve peaks, but 
depends on having a balance between Old Information interference and squeeze. 


Position error defined 

Write to read TMR 
This is the mis-positioning of the head over the track as a probability density 
function (PDF or histogram). This is known as the Write to Read Track Mis- 
Registration or Write to Read TMR. It is due to errors in the positioning system of 
the drive. It is the convolution of the mispositioning of both the head and the track 
so 1t is root of 2 wider than the mispositioning of the head alone. 

White to write TMR 
This is the mis-positioning of the adjacent track from the nominal position of the 
read track Also'a PDF, this is known as the Write to write TMR. It includes 
errors in the servo-written track spacing as well as positioning errors due to the 
drive. Again this is the convolution of two PDFs. 


Optimum track density — 
The optimum track density for a head is the density at which the error rate will be 
adequate for the product applications. This can be computed from the bathtub (Old 
Information) curve for the head and the TMR of the product again as described in 
reference 1. 

Square bits ? 
If there were perfect tracking (no TMR) then how much narrower could the tracks 
be made, and how much closer could they be packed. Not an easy question to 
answer. The status quo today is that all drives have plenty of TMR under adverse 
conditions and consequently need wide heads. So under nominal conditions the 
heads are on-track, the signal/noise ratios are very good, and consequently 
uncorrected soff error rates are good too. The customers demand good uncorrected 
error rates for reasons of their own (maybe habit). If tracking was always perfect 
then recording would be possible at much higher track densities limited only by the 
on-track error rate. So what error rate would be acceptable on that different planet, 
and what ECC power might be applied? 
Maybe not a very important question to answer as TMR is not likely to go away at 
more than a steady pace comparable with improvements in bit density. 


Servo Systems 


Servo theory 

Servos can be ngorously analyzed by linear control theory of various flavors. The 
theories give guidance and insight to servo designers, but seldom give a complete 
analysis of a disk drive servo as there are several non-linearities in disk drive 
mechanisms that defy closed form solution. Control theory which is a complex and 
specialized math-problematical topic can also present a barrier to understanding 
disk drive operation by engineers lacking a rigorous mathematical background. An 
intuitive treatment of the subject is given here to avoid these problems. This 
treatment can be the basis for an appreciation of system design options. The 
distinction between analog and digital servos is not of great importance to the 
tracking ability so it is not dealt with here. 


It is important to recognize that the servo is not just the electronics and the control 
functions implemented within it. The servo is the whole system and all that affects 
it and is affected by it. This includes the actuator, aspects of the spindle, and in 
many cases the structure of the drive as well. This is important in understanding 
the response of the system to the major disturbances. 

Figure 7 is a diagram of the system that is treated here. 


The function of the servo 
The job of the servo is to move the heads from one track to another (positioning), 
and to keep it on track as well as possible (tracking). The positioning function is 
not strongly linked to track density, since there are many algorithms that can 
control the seek motion even crossing tracks at very high rate. We have no need to 
fear that high track densities will limit access performance. The tracking function 
however determines the Write to read TMR and much of the Write to write TMR. 
It therefore determines what track density can be obtained from a given set of 
mechanics. 
The quality of design and manufacture of the mechanics is equally important in 
determining the track density, and this is described in detail later. 
The servo characteristic that describes the ability of a given servo system to give 
close tracking is Gain or band-width. In these notes Gain is defined as a ratio 
rather than as dB figure. Apologies to A G Bell. 
Figure 8 shows the relation between gain and bandwidth of an ideal system. 


Gain and frequency 


The actuator is a limp "straw in the wind" that will drift around under the influence 
of bias forces, wind, vibration etc, The servo, fed with information about the error 
in position of the head to the selected track, drives the head toward the correct 
position over the track. 


If the head is pushed off track by some influence, then over a wide band of 
frequencies the servo generates a force proportional to the error that tries to 
restore the head to the track center. Thus the servo acts as a spring, linking the 
head to the track. Just like any mass spring system this one has a resonant 
frequency and an unfortunate tendency to oscillate. The servo system includes 
phase and amplitude compensating function that damp this resonant behavior. With 
this compensator the response is similar to, but not the same as, a simple 
mechanical resonance. Its frequency response is shown in figure 8 in several ways. 
Probably the most helpful is the error rejection function. This is the reduction in 
amplitude by the servo of the tracking error caused by disturbing forces at any 
frequency. The other frequency responses are shown including that of the 
mechanics. The mechanics and the compensator response together give the open 
loop response. This has unity gain at what is called the crossover frequency. Below 
this frequency the servo system can be regarded as a spring resisting any 
disturbance attempting to cause an error. So the spring stiffness is the servo gain. 
The more stiffness or gain, the less the error. And the higher the stiffness, the 
higher the frequency that the gain extends to. Above the crossover frequency the 
actuator is an inertia. There is no servo gain (actually errors are slightly amplified 
over frequency range above the crossover frequency.) Clearly greater servo 
stiffness can resist disturbances more strongly and therefore reduce TMR. It also 
reduces TMR disturbances at higher frequencies. So we must understand what 
limits the gain that can be applied. 


Limits to gain 


Resonances 

Gain is frequently limited by mechanical resonances which are often in the head 
suspension. The second order torsional resonance of the load beam is often the — 
critical resonance. The effect of this on the servo is to cause instability at the 
offending frequency. The servo oscillates consuming power, making noise, 
effecting gain at other frequencies, and possibly producing significant TMR at the 
resonant frequency. As sliders have become lighter, suspensions shorter, and with 
improved understanding of suspension design, this limitation of servo gain is 
receding to higher frequencies. 1 kHz crossover would probably be attainable 
today if this were the only limitation. Figure 8 and see references 2 3 and 4. 


Sample rate 

In sector servos, and some embedded servos, the position error is only measured at 
discrete time intervals called samples. The lack of a continuous signal represents a 
loss in phase from the position error signal at frequencies approaching the 
sampling frequency (reference 2.) This makes it difficult to apply a high gain 
without causing the system resonance at the crossover frequency to become under- 
damped which in turn makes settle times after a move become too long. 

It turns out to be difficult to make the crossover frequency much higher than one 
tenth of the sample frequency, and it has to be even lower for really good settle 
performance. See reference 4. 


Pivot bearing stiffness 
It requires a small torque to move a ball race actuator pivot. Smaller torques cause 
proportional but miniscule rotation of the actuator arm, but the arm returns when 
the torque is removed. So the bearing is acting like a spring as described in 
reference 5 The effect on the mechanical transfer function and the gain is shown 
chain dotted in figure 8. A very significant loss in gain can be caused by this effect. 


Ways of boosting gain 
Integrator. 
Given a system as described previously, the gain at low frequencies can be 
increased by adding one or more integrators to the control function. An integrator 
accumulates the error over time and applies a proportional correcting current to 
the voice coil. This can strongly reduce the position error due to bias forces, but is 
also effective in reducing other low frequency disturbances such as external 
vibration. As with other gain enhancing measures, integrators lose phase and can 
not be applied without limit. The effect of an integrator on the error rejection 
function of a typical response is shown in figure 8. figure It has gain falling 
proportional to frequency and is asymptotic to unity at some frequency referred to 
as the pole. One problem with an integrator is that it requires time in order to 
become effective. This is a particular problem when arriving on a new track. A 
solution can be to set a known initial value into it after a seek. This can be effective 


in reducing offsets from time zero, but can only be applied if the offsetting force is 
known ahead of time when arriving at a new track. A similar solution to bias force 
can be obtained by storing a table of values from which the offset force required at 
a given track can be computed. A current to correct the offset can then be added 
to the driver output at the time of arrival at a new track. See reference 7. 


Adaptive run-out correction systems. 

For the case of a disturbance that is accurately predictable in both amplitude and 
phase with respect to the disk rotation, it is possible to correct it more or less 
completely by determining the magnitude from prior revolutions and applying a 
current waveform to reduce it to zero. 

This is called feed forward and is used in high density floppy disk drives to cancel 
disk run-out and also the ovality caused by floppy media anisotropy. (Reference 8). 
It is also used in some hard disk drives to reduce the effect of changes in disk run- 
out. (Run-out is not a problem when it remains constant, but only when it 
changes.) (Reference 7 and figure 10.) The gain enhancement of feed forward can 
be high (strictly it is not gain in the control theory sense) and it has no destabilising 
influence on the regular servo function. The achievable gain has not been 
described. 


Types of servo architecture 


Dedicated Servo | 

One head in the drive is dedicated to providing position error information for the 
servo. There are drives where an optical encoder system provides the same 
function. All other heads dependant on the relative accuracy of the actuator to 
maintain their positioning. (figure 12.) In a drive with many heads, a dedicated 
servo head has the advantage of wasting less disk area in servo position 
information than a sector servo, but this advantage goes away with smaller 
numbers of disks. The dedicated servo head is found mainly in older large drives 
where it was favoured for its simplicity and efficient use of disk space. High end 
drives use a dedicated head as it enforces the situation where all the heads in a 
cylinder of tracks are positioned correctly over data all of the time. This is not so 
with embedded servos as a correction may have to be made each time the head is 
switched. The cylinder concept is used strongly by high end operating systems to 
gain performance advantages way beyond that obtained in low end operating 
systems. 
The disadvantage of dedicated servos is that disturbances which are different 
between the servo head and the data heads cannot be corrected or even detected. 
The worst such disturbance is static distortion of the actuator or base. As track 
density has increased this has become an unmanageable problem despite the 
decrease in the size of drives and consequent reductions in distortion. Various 
augmented dedicated servo systems are able to minimize this problem. Most gain 
some limited amount of position information from the data tracks ranging from a 
single servo track per disk, through a single burst per track (Wedge servo), to a 
combination of embedded sectors and dedicated signals (Hybrid servo). These 
solutions are able to respond to disturbances that vary from very slow (single track 
per surface) through to medium speed (hybrid servo). These solutions can retain 
much of the capacity advantage of dedicated servos but all loose the cylinder 
concept. 


Embedded servos 
All the servo information is encoded on the data disk either distnbuted among the 
data dividing it into sectors (sector servo), or encoded transparently to the transfer 
of data. 


Sector servo 
Position information is encoded at regular intervals on all tracks in the drive. Data 
cannot be stored in these locations so they are made as small as possible while 
ensuring that noise is not significant. For the same reason there is a strong 
motivation to minimize the number of position information samples. The reduced 
sample rate however makes difficulties in achieving a high gain for the reasons 
described previously. This compromise of loss of data recording area vs reduced 
gain is one of the main reasons for the adoption of transparent embedded servo 
systems in some products. As the speed of circuitry and data rate capability of 
heads improves the duration of the servo samples can be reduced without 
increasing noise. This increases the attractiveness of sector servo. 

Buried servo 
Servo information is encoded in a separate magnetic layer below the data 
magnetic layer. It is encoded in a frequency range below that used to encode the 
data so it can be read concurrently with the data. (Brier reference 9 and figure 13). 

Optical servo 
The disk is embossed to provide encoding for an optical sensor which is mounted 
on the slider or near to it. (Hitachi, reference 10 and 11 and figure 14. Also Insite, 
reference 12) The encoding and detection methods are derived from the optical 
recording product technologies. 
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Tracking disturbances 


Tracking error (TMR) as a sum of servo response to disturbances 

We have seen that the achievable track density can be predicted from the head 
characteristics and the tracking errors of the drive represented as a TMR 
probability distribution function (histogram). Each individual disturbing influence 
on the tracking can be estimated by quantifying the disturbance, and determining 
the response of the servo and mechanics to that disturbance. These separate 
contributions to TMR can then be summed by the Root mean square method to 
give a total. The total TMR defines the ability of a given drive or design point to 
support high track density. The disturbances fall into two groups, Static shifts, and 
vibrations. The distinction is important since as we have already seen the static 
shifts can be the prime tracking error with a dedicated servo system, but are only 
of secondary significance with a sector servo. 


Static shifts 

Arm shifts 
Distortions of the arms can be caused by temperature changes, by ageing, and by 
shock. With an uncorrected dedicated servo the shifts are not reduced by the servo 
at all. They are then often the main contribution to TMR. With linear actuators, 
run-out of the carriage bearings also contribute significant shifts that vary with 
time. The augmented dedicated servo systems described previously are able to 
reduce static shifts to very small residuals, and the embedded servos reduce shifts 
to zero. 

Disk shifts. 7 
Disk shift can be caused by shock or by temperature or by changes in the shock 
mount stiffness of drives with poor spindle balance. Drives with steel hubs and 
aluminum disks are obviously prone to disk shift due to temperature changes. 
(reference 13.) A regular servo will reduce disk shift to around 10% of its UN- 
corrected amount, but this is may not be sufficient for high track density. In this 
case the adaptive run-out corrections systems described previously can be used. 


Vibrational tracking disturbances 
Any drive will have at least some tracking disturbance from the following. 
Settle after seek (arrivals) 
Spindle bearnng non-repeatable run-out 
Motor excited spindle vibration 
PES noise. 
External vibration 
Rotating the actuator arms, 
Rotating the Drive 
Distorting the drive - 
Disk shift caused by temperature and by shock. 
A drive with contact recording heads may also have a disturbance due to vanations 
in the friction force between head and disk. 
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Vibration and servo response 

The vibrational disturbances are best described and analyzed by the methods of 
Random Vibration Analysis (Reference 12). Some drives are specified for 
operation under sinusoidal external vibration, but random vibration is more likely 
to represent real life for a drive living a rough life. To determine the TMR with 
given vibrational input, the power spectrum of the motion of the head over the disk 
can be computed assuming that there is no servo., The product of this spectrum 
with the servo error rejection function can be integrated to determine the TMR. 
This standard method of vibration Analysis is illustrated diagrammatically in figure 
9 for the case of non-repeatable bearing run-out.. 


HDA Vibration mechanics 
Vibration input to the drive disturbs the TMR by both ngid body and elastic 
mechanisms. The rigid body components are easily calculated by simple mechanics 
theory from the inertia, mass and geometry of the actuator for given translational 
and rotational acceleration of the HDA. 
An actuator with its mass located at the pivot is entirely insensitive to translational 
vibration input. Rotational vibration of the HDA 1s best avoided, but can be 
produced by unsymmetrical mounting of the HDA. Some industry standard 
mounting hole positions are not well chosen in this respect. 
Elastic mechanisms (deflection of the HDA structure between disk and actuator) 
can be determined by finite element modelling, or by direct measurement. Spindle 
bearing elasticity is an unavoidable elastic contributor to TMR, but deflection of 
the HDA can be made small by suitable choice of HDA construction. 


The HDA has its own internal sources of vibration. Spindle mmbalance, disk run- 
out, spindle bearings, spindle motor, and actuator seek. Spindle balance will (or 
should) be always the same from one revolution to another and so should disk run- 
out. If there is no change then there should be no TMR resulting. If there is any 
change then that is a good reason to adopt some adaptive run-out correction 
system. 
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More vibrations 
The spindle bearings can be a very significant source of TMR. Ball races generate 
random vibrations due to imperfections of the balls and raceways. The frequency 
spectrum of bearing run-out is a complex set of fixed frequencies that range from 
around 0.4x the rotation speed to many kilohertz. Most of the motion is often in 
the lowest few frequencies and is strongly reduced by the servo. Poor base © 
stiffness can amplify higher frequency components when resonances co-incide with 
significant bearing run-out frequencies and the servo error function increases these 
components. The bearing frequencies that contribute most to run-out are those 
that 
Excitation of spindle resonances by motor magnetic forces can occur on larger 
HDAs or when the spindle structure 1s weak.. 
At the time of arrival of the heads onto the destination track, a lot of energy is 
being applied to the drive by the voice coil. Inconsistent arrivals are major 
component of TMR in most drives. One solution is to avoid writing data, till the 
transient dies away (reading is OK on many interfaces that tolerate soft errors.) 
But to avoid impacting the performance of the drive the problem must be fixed. 
This is often motion of the HDA induced by the reaction of the voice coil motor 
during the preceding seek. Smaller drives not requiring shock isolation have much 
better arrivals as the HDA cannot move when it is screwed direct to the system. 


Position Error Signal noise. 

The process of decoding the Position Error signal generates noise or error. The 
servo attempts to follow this erroneous signal so it causes TMR. Some of the noise 
coming from the medium is repeatable from one revolution to another. This is 
media noise and increases the error in servo track position so it adds to wmite to 
write TMR (track squeeze ) but since it is the same on each revolution it does not 
add to write to read TMR. It was significant with brown disks but tends to be very 
small with film disks. 

The non-repeatable noise comes from electronic sources, and is reduced by 
increasing the length of the PES encoded burst on the disk. It is therefore a design 
variable trading disk real estate (capacity) for better TMR (capacity). 
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Trends 


There is no doubt that track positioning can be he made sufficiently accurate to 
support much higher track densities than we have today. The only question is what 
. (is the most cost effective way to do it.. There are several approaches each of 
which has its proponent. 
I don't propose to vote, only identify the candidates which are. 
1. More band-width, 
2. Much more band-width, 
3. Better mechanics, 
4. Smarter servos. 

More band-width. 
More band-width becomes available as bit density rises, since the number of 
samples per rotation of the disk increases. (Raising the RPM does not help a lot 
since the important spindle run-out frequencies are then harder to follow.). Higher 
band-width will be supportable by the mechanical structure as the resonances move 
to higher frequencies with small size. 

Much more band-width. 
This approach is to use the technology of the Optical recording business which 
gains a very high band-width position error signal from a dedicated optical sensor. 
Even smaller actuators have resonances that limit the servo band-width strongly. 
The optical industries answer is to have a very small stroke secondary actuator 
riding piggy-back on the main actuator. This way the resonances of the main 
actuator structure are not excited. While complex and expensive and seemingly 
unable to support fast seek times, this technology has been used by Hitachi to 
demonstrate 5Gb/in2 magnetic recording density, (Reference 10 and 11). The 
bandwidth obtained by Hitachi by this methods has unfortunately not been 
disclosed..Optical sensing is used by Insite peripherals in their Floptical products. 
(Reference 12.) In both these cases the magnetic disk medium 1s embossed with a 
pattern of optical pits sensed by laser-diode systems. 

Better mechanics 
Oil journal bearings are the best illustration of this trend. Journal oil bearing 
technology devised last century has been combined with new insights into long life 
oil, and new ways of retaining small amounts of oil strictly where it is needed, to 
provide low run-out spindles for video recorders and Lazer printer scan mirrors. 
Journal bearings have been tried in disk drives and found to offer better non- 
repeatable run-out than ball bearings (reference 15.). Ball bearings too have seen 
continuous improvement through time coupled with the advantages of reducing 
size. 

Smarter servos 
Some of the smart servo concepts have been described. Adaptiveness is the key to 
these, and enhancements of processing power in the drive controller will make this 
easier to implement. Another direction of smarter servos is Fuzzy logic, a control 
method that works more like the human mind in deciding what action to take, and 
which may not use the concepts of conventional servo theory. There is a wide 
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belief that fuzzy logic will be able to make improvements in disk drive tracking 
control (reference 16.) 


Limitations ? 

Disk drive density has always been regarded as limited in part by tracking 
accuracy, but despite that, areal density has moved forward by four orders of 
magnitude in a few decades, requiring a two order improvement in TMR. It has 
taken ingenuity, but there is no shortage of that commodity. There are no 
fundamental limitations, We can confidently expect that by the normal processes 
of engineering progress in each of the areas that have been outlined, positional 
accuracy will be available to support the highest densities that improvements in the 
head, the disk, and their separation can deliver. 
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SD is the squeeze distance. 
OI the Old information distance. 
Numbers on the left refer to figure 2. 
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Point A occurs when the erased bands of the adjacent and cener tracks overlap. 
Numbers refer to figure 2. 
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Figure 4. Measured and calc bathtub with PDF of TMR. 


No adjacent track is recorded. Alos shown are PDF of TMR w/r, the product curve 
_and its integral value (horizontal line), which yields the expected error rate and 
point B in figures 5 and 6. 
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Figure 5. Calculated squeeze. 


Also shown is the PDF of TMR w/w, the product curve and its integral value which 
yields the overall expected error rate. 
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Shows the essential elements needed to understand tracking accuracy (TMR) 
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Figure 8. Mechanical and Servo system transfer functions and gain. 


Shows mechanical and compensator (electronics) transfer functions. 

The product of these two is the open loop transfer function. which is drawn to show 
the potential gain limit due to resonances. 

The error function ( inverse of open loop tfn at low frequencies ) is also shown in 

fig 9 
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Figure 9. How Gain determines TMR of mechanical disturbances 


Bearing non-repeatable run-out is used as an example to show how the servo 
reduces run-out and also what the limitations are. The same methodology is used to 
optimise the servo to reduce the other vibrational disturbances of head tracking. 
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Figure10. Variation of Mechanical transfer functions 


Variability of open loop transfer function in a population of disk drives. Shown’ why 
allowance has to be made in servo gain for weese case howdware.. tee: 


Taken from Digital Control of Dynamic systems, G.F Franklin, J.D.Powell, and M.L. 
Workman Addison-Wesley 1990 (pp 703-747) 
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Figure 11. Adaptive runout correction. 


Taken from Control Systems technology in Digitals Disk Drives. M. D. Sidman 
Digital Technical Journal No8 Feb 89. 
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Servo surface format (typical) 
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Format of all surfaces 
sector servo 
Figure 12. Dedicated and sector servos compared. 


| Simplified schematic showing main differences between dedicated and sector servos. 
Data rate banding makes sector servo surface format much more complex. 


Twin Tier Trackinge 

: The Flextra drives employ a new, proprietary, 

| Twin Tier Tracking ( T*) technology that makes 

| ultra high performance floppy disk drives a 
reality. 

| Brier’s T? servo technique enables industry 

| standard 3.5" media to store 25 MB of data by 
creating two distinct, horizontal magnetic layers 

| in the disk media. Tne lower or positioning tier, 

| consisting of thousands of magnetically em- 
bedded, prerecorded positioning tracks, pre- 
cisely controls the read/write head of the drive. 


The upper tier is used for the storage of data. 
Since no head positioning information is 
required in the upper tier, Brier’s data tracks 
use the complete upper surface of the disk 
and achieve maximum efficiency and 
reliability. 


OXIDE 
COATING 


DISK CROSS SECTION 


Twin Tier Tracking provides accurate head 
positioning coupled with precise track following 
to assure data integrity and cartridge 
interchangeabllity. 


T 3 offers upward mobility to much higher 
capacities in the future. The magnetically 
embedded lower tier already contains all the 
positioning tracks needed to achieve 
increased capacities. 


Figure 13. Brier buried servo 


Servo information buried below data saves space normaly required for sector servo 
on a single disk. Sample rate can also be high and not limit the gain. 


From Brier technology brochure. Brier Technology 2363 Bering Drive. San Jose 
CA 95131. 


Laser Photo-detector 


Track 


aser diode is 
attached on the slider with its active layer parallel to the 


track line and apart from the disk Surface, . 


VCM 
controller 


~~ Parallel 
: | Plate springs 
Piezoelectric \ i g 


device 


Fig.2 Structure of a dual-stage actuator ! Fig.5 Block diagram of 
the dual-stage servo system 


Figure 14. Hitachi optical sensor and dual servo 


Showing optical track position sensing system separate from magnetic recording 
channel. Two stage actuator provides potential for much higher gain because effect 
of resonances can be reduced. (Acutual gain of this system not disclosed). 


From 
M Futamoto et Al. Investigation of 2 Gb/in2 recording at a track density of 17KTPI 
TEEE trans Mag, Vol 27, No 6, Nov 91 | 

and , . 
K Akagi et al. High density magnetic Recording Tracking method using a Laser diode. 
IEEE trans mag, Vol 27, No 6. 
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THE IDEAL DRIVE 


HIGH DENSITY (SINGLE, SMOOTH DISK) 

LESS THAN ONE MICRO-INCH HEAD/DISK SPACING 
NO STICTION 

~ NO CONTACT BETWEEN HEAD AND DISK AT ANY TIME 
STIFF HEAD/DISK BEARING 

SHORT SETTLING TIME 

LOW DRAG (LOW POWER) 

RYBUST 

QUIET 


CONTAMINATION-FREE 


43. Friction Theories 


Head Liquid 
Medium 
“'Toe-dipping”’ regime 
Head Liquid 


Medium 
“Pillbox’’ regime 


Head Liquid 


Medium 


“'Elooded”’ regime 


Fig. 4.15. Regimes of different liquid levels in the head—medium interface. 
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Fig. 1.2. Shear-thinning in a typical non-Newtonian fluid, Separan AP-30 in glycerol/water. 
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PSEUDOPLASTIC FUNCTIONS 


MANY MODELS HAVE BEEN PROPOSED BUT NONE TESTED IN THE SHEAR RATE RANGE 
OF INTEREST SINCE NO VISCOMETERS EXIST WITH RATES OF EXP 8-9/SEC. 


T=TL(1 - eHoy/T, ) 


THIS WORK WAS DONE FOR SHEAR BANDING AT HIGH PRESSURE AND LOW SHEAR 
RATE BUT SEEMS TO MATCH OUR RESULTS BEST. 


SHEAR LIMITED STRESS AND 
MOLECULAR LENGTH 
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FLUID 


LOW INITIAL VISCOSITY (PART OF THE SYSTEM IS NEWTONIAN) 
HIGH VISCOSITY INDEX 

LOW FREEZING POINT 

PSEUDO-PLASTIC BEHAVIOR IN THE SHEAR-RATE OF INTEREST 
ue OFFSET FOR INNER/OUTER SPEED RANGE 
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SPINDLE BEARING COMPATIBILITY 


NON-NEWTONIAN FLUIDS 
PERFLUOROCARBONS 
(e.g., PERFLUOROETHERS, FLOURINE SUBSTITUTED PARAFFINS) 
HIGH DENSITY 
STABLE 
INERT 


POOR SOLVENTS 


HYDROCARBONS 
(e.g., n-HEXADECANE, BLENDED PARAFFINS, BRANCHED HYDROCARBONS) 
LOW DENSITY 
STABLE 


GOOD SOLVENTS 


FORCES AND PRESSURES ON A 4 PAD HEAD 
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al(at+b) = 1/3 


ht 


THE EFFECTIVE VISCOSITY CAN BE DETERMINED FOR EACH PAD BY MEASURING THE PAD 
HEIGHTS THROUGH INTERFEROMETRY AND THEN USING THE NAVIER-STOKES EQUATION 
TO BALANCE THE TORQUES AROUND THE LOAD POINT. 


p, = OliVirer(M2 -A1) 
max 3 3 
alh? +h3) 


DRAG/POWER CONSIDERATIONS 


IN THE PLASTIC SHEAR REGION, THE EFFECTIVE VISCOSITY DECREASES WITH 
SHEAR RATE. THIS RESULTS INA CONSTANT SPACING AND A CONSTANT DRAG 
HEAD DRAGS ARE A FRACTION OF A GRAM. 


THE WICK DRAG IS PRESSURE DEPENDENT. USE STIFF APPLICATOR WICKS 
AND LOW PRESSURE. WICK DRAGS ARE LESS THAN HEAD DRAGS. 


HYDRODYNAMIC BEARING POWER LOSSES ARE TYPICALLY TWICE WINDAGE 
LOSSES. 


A HIGH-PERFORMANCE 500 MEGABYTE DRIVE AT LESS THAN 500 mW IS FEASIBLE. 
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NON-CRITICAL FLUID THICKNESS 


THE HEAD SHEARS FROM THE BOTTOM OF THE POOL 
A NON-NEWTONIAN LAYER OF THE REQUISITE THICKNESS 
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SPACING AT V =0 


RECENT LITERATURE (GRANICK, ISRAELACHVILI, AND OTHERS) HAVE SHOWN THAT 
CONFINED LIQUIDS ON VERY SMOOTH SURFACES ORDER INTO A SOLID PHASE WITH 
VERY HIGH APPARENT VISCOSITIES. 


THIS MOLECULARLY THIN CRYSTAL MELTS UNDER SHEAR AND RETURNS TO NORMAL 
VISCOSITY FROM A SHEAR STRESS IMMEASURABLY SMALL IN A DISK DRIVE. 


THE HEAD NEVER TOUCHES THE DISK. 
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WICKING 


, SURFACE TENSION 
° WETTING ANGLE 
° FLUID DENSITY h = 2o0cos0/prg 
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THE WICK IS THE RESERVOIR, TRANSPORTER, FILTER, AND APPLICATOR FOR THE FLUID. 
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INDUCTIVE HEAD 


70 KFCI 
92% RESOLUTION 


400MB/SQ. IN. 
EPR-IV 


PWs0 AT 1 uINCH 


FOR A KARLQUIST HEAD, THE MINIMUM ARCTANGENT TRANSITION LENGTH, a, IS GIVEN 
BY: 
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FOR A REMANENCE OF 7000 GAUSS, THICKNESS OF 2 uINCH, AND COERCIVITY OF 1300 
OERSTEDS, 


a(MIN) = 1.7 uINCH 
THE MEASURED PW50 AT 1 uINCH IS 12.7 wINCH (G’ = 10 vin, 5 = 2 IN) 
PWs0 = (G2 + 4(d + al(d+at))t/2 
PWs0 = 12.3 nIN 


THE CLOSE PROXIMITY OF THE HEAD IMAGES OUT THE DEMAG FIELDS FOR MINIMAL a 


MEASUREMENT TECHNIQUES AND PROBLEMS 


MAGNETIC SPACING LOSS 
WALLACE EQUATION NOT VALID DUE TO NON-UNIFORM MAGNETIZATION 


» RECORD SPACING LOSS INDETERMINATE (BEARDSLEY AND JEFFERSON '88 
UNPUBLISHED) | 


. CALIBRATE MAGNETIC SPACING FOR DISK AND HEAD WITH INTERFEROMETER 
: DETERMINE a PARAMETER FROM PW50 
: REVERSE HEAD TO MEASURE FRONT AND REAR MAGNETICALLY 


; CORRECT FOR a PARAMETER AND CORRELATE WITH OPTICAL 
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OPTICAL TRACKING OF THE HEAD—DISK SEPARATION 
INSTRUMENTATION CONCEPT 
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Both lightwaves 


2—FREQUENCY 
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ILLUMINATION 


RESOLUTION: 
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Lambda/512 (.05 microinch) 
32,000 Samples per second. 
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TRACKING HEAD—DISK SEPARATION THROUGH THE DISK 
MEASUREMENT ALGORITHM 


STEP ONE: STEP TWO: 
Slider out of the way, Slider intercepts beam, 
Acquire reference. Acquire signal. 
R1 only. Vector sum, R1+R2 
Glass : ; Glass 
Liquid Liquid 
Slider 
Simple echo, from high Two-component echo: 
index to low Index, 1. Same as step one, plus 
no phase reversal. 2. Slider echo (stronger in 


amplitude, with 180 deg. 
phase reversal.) 


STEP THREE: Calculate separation. (next slide) 
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OBTAINING SEPARATION FROM THE LIGHTWAVE DATA 
VECTOR REPRESENTATION 
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The angle ss is 
proportional to the 


separation. 


The vector Ri was 
acquired in step 1, 
and R1+R2 (vector) 
was acquired in 
step2. 


Simple trigonometry 
will resolve as a 
function of the two 
data vectors. 
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OUTLINE 
Why Test Heads ? 
Characterization of Tester 
Head Tests for Advanced Channels 
MR Head Tests 


Case Study: 
Sensitivity to Write Current 
Summary | 
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WHY TEST HEADS % 


Head Manufacturing Process Control 
Pass/Fail to Head Customer Specifications 
Failure Analysis a 
Head Design/Process Changes 
Product Development 
Customer Incoming Inspection 
Drive Line Failure Analysis 


Technology Development 


Disk Memory Division R Simmons | G) HEWLETT 
~\NSTO2\WTH.GAL 11/14/92 P PACKARD 


Research and Development Tester 
Requirements 
Voltage versus Time: 8 Bit Amplitude Resolution 
1 GigaSample/sec Timing 
64 kKSample Record Size 


Time Interval Tests: 150 psec Resolution 
135 nsec Rearm 


Radial Positioning: O.1mm _ Absolute 


O.1um_ Relative 
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Typical Head Tester 
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HEAD TESTS FOR 
ADVANCED CHANNELS 


— Isolated Pulse Characterization 


— Matched Filter SNR Limit 
¥% Definition 


* Examples 
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Matched Filter SNR Limit 


Isolated Pulse Filter Transfer Function 
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Norman L. Koren, Matched Filter Limits and Code Performance in 
Digital Magnetic Recording’ IEEE Trans Mag, v2/, no, Nov.1991. 
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Matched Filter SNR Limit 
Inductive: High Velocity 
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Matched Filter SNR Limit 
Magnetoresistive 
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MR HEAD TESTS 


- Bias Current Choice 


¥* Second Harmonic Distortion 


—- Track Density Capability 


* Data 
¥* Servo 
—- Case Study: 


* MR Head Write/Read Stability 
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Read/Write Cross Track Capability 
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Read/Write Cross Track Capability 
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Cross Track Scan 
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Servo Gain Surface Plot 


Servo Gain versus Format Spacing and Off-Track Position 


Thin Film Head 80 tracks/mm 
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Servo Gain Surface Plot 


Servo Gain versus Format Spacing and Off-Track Position 
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Servo Gain Surface Plot 


Servo Gain versus Format Spacing and Off-Track Position 
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Case Study - Multidomains 


In Magnetoresistive Heads 


- Recording System 
Barber Pole Bias Magnetoresistive Head 
. 1000 TPI 
. 12000 BPI 


- Failure Symptom 
_TAA Values in Write/Read Tests 
Form A Discrete Spectrum 


. Displacement Curves are Distorted 


- Cause of Failure 
. Stripe Domains Created in MR Film By Fields 
Applied During Write Cycle 
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CASE STUDY: 
WRITE CURRENT SENSITIVITY 


— Recording System 
Inductive Thin Film Head at 
52 kbpi 


— Failure Symptoms 
Error Rate Failure in Drive 
Top Level Testing 


— Cause of Failure 


Pole Tip Saturation at High 
Write Current 
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Write Current Sensitivity 


Fail Drive Error Rate Pass Drive Error Rate 


Average of 45 Heads Each 
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SUMMARY 


¥ R&D Tester 
x Matched Filter SNR 


x MR Head Tests 
Read Narrower Than Write 
Servo Gain Linearity 

¥ Nonlinear Writing Due to 


Pole Tip Saturation 
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Signal to Noise and 
Equalization Issues 


Tom Howell 


Quantum Corp. 


Institute for Information Storage Technology 
Santa Clara University, California 


December 14 - 16, 1992 


Signal to Noise and | 
Equalization Issues 


1.SNR Scaling 
2.Signaling and Detection 
3.Write Precompensation 
4. Adaptive Equalization 


5. Trellis Codes 
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—The Capacity of a Magnetic Recording 
System as a Function of Track Width 
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Some Noise Does Not Scale 


Make track n times narrower 
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72 gid 
Nn 
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Waiter-Filling Calculation 
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Scaled Water-Filling Calculation 
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"white component does not scale ~N, (fF) 


colored component scales WN, (f) 


Capacity versus Track Density 


SNR (dB) 


CAPACITY / SINGLE TRACK CAPACITY 


10 20 30 40 50 
NUMBER: OF SUBTRACKS 


Inconclusion of non-scaling noise is 
important. 


Potential capacity gains are 2-5x, not 50x for 
the channel studied. 


Reducing electronic and other non-scaling 
noise is the key to larger gains. 


SNR at maximum capacity is around 5 aB. 
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Countering intersymbol 
interference (II) 


Eliminate It 


Linear Equalization 
(Noise Enhancement) 


Bit Transmitter 
_ Detector Precoding 


OFE 
(Error Propagation) 


Generalized 


Sequence Detector Partial Response Partial Response 
(Viterbi Algorithm) (Noise Enhancement) (Peak Power Penalty) 


Figure |. Summary of available methods of countering intersymbol interference in sampling 
detectors. | 
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Zero-Forcing Equalization 


e Equalize step response to: 


SLICE 


e = limited by noise enhancement 
HST 12/92 T.Howell 


Zero-Forcing Equalization 


@ Equalize NRZ bit response to: 


SLICER 


® limited by noise enhancement 
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Decision Feedback Equalization 


@  fEqualize NRZ bit response to: 


FEEDBACK 
Fic TER 


@ subject to error propagation 
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Partial Response : 


e Equalize NRZ bit response to: 


p(p)® 1-D" 


CHANNEL 
PREcCODER Q FILTER SLKCER 


® no error propagation 
@ less noise enhancement than ZFE or Flat 


@® more noise enhancement than DFE 
| IST 12/92 T.Howell 


Maximum Likelihood 
Sequence Detector 


Received Signal: AN 
commav ont ENR 
0; 0 | 1 i 0 


Oo; 1 1yYoiilo 


Best Match 


Anisomaes 


Most likely information sequence: 
...01101 02... 
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Identification of Nonlinear Write 
Effects Using Pseudorandom 
Sequences 


Thomas D. Howell 


ref: Palmer, et. al., IEEE Trans. Mag., MAG-23, 
No. 5, Sept. 1987, pp. 2237-2379 
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K(t) T 
1a) 


a,~+i 


1b) 


1c) v0 K+ + 
t 


Figure 1a NRZ record current comprising a stream of bits taking 
values apa. 


Figure 1b Recorded magnetization showing transition shifts 


Figure 1c Playback voltage with transition shift distortion. The 
Isolated pulse, h(t), due toa transition is shifted eartier in time only 
if it is immediately preceded by another transition in the NRZ 
waveform. 


AMPLITUDE 
+6 dB 
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1/4T 1/ 
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ll 


Figure 4 Spectrum from a hard disc transport shaped to Class IV 
showing nonlineer ripples similar to thase shown In Fig. 2. 
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Origin of Echo 


V(t) = » alae — a)h (ty), a,€{—1, + 1} 
k 


V(t) = » Yala — a,)h (ty — Vee + Vetoes — &%)) 
k 


Taylor series, simplification 


V (0) — Vit = 72E) 7 59) aya 4h (t alas 72Eq) 
k 


Shift and add property of {a,} 


~w 


V(t) = Vit ae %2EQ) = 50) agengh = 72Eo) 
k 
Finite difference for derivative 


~ : & . 
V(t) ~ V(t — Yee) — % - Vit— Yeeo + (My —%)T) 


an & WO N 


Summary of Echoes 


Initial magnetization 
Adjacent transition 
Next-to-adjacent transition 
Transition broadening 


Interaction of 1 and 2 
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add first derivative 
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Normalized Amplitude 


Simulated Inverse Transform with & = ne, SS 
£2 = 46° with Selected Pulses Broadenéd by a FR tor of 
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Derived Dipulse Responses 


0.00 tn f X4 J \/- ak ee 


Normalized Amplitude 


Response obtained by first dividing the Fourier Transform 
of the measured readback waveform by the Transform of 
the binary discrete-time input sequence and then taking 
the Inverse Transform of the result. Characteristic 
polynomial for the sequence is x° + x + 1. 
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Controlling the Echoes 
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Effect of Timing Precompensation. 
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4. Adaptive Equalization | 
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Wrar = We - BV: 


Ey d,. a x, W, 
= W, + 2e,X, 


from Widrow & Stearns Adaptive Signal Processing, Prentice Hall 1985 
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30 | 
t Adaptive Decision Feedback Equalizer P 


Partial Response Class IV + Viterbi - 


7 PR4+Viterbi ~ 
with Compromise EQ , 


Peak Detection with (2,7)-Run-Length | 


Detection SNR (dB) 
NO 
po 


22 Code and Adaptive Equalizer - 
20 z 
| 
18| 
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Normalized Radius 


Fig. 17. Equalizer performance vs. disk radius. 
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User bits u;e {0,1} 


iments ae] 
Write -—(+) XOR 
Driver | ; 
: 1-26, 
Channel input 9 eT al 


Magnetic write 
and read 


Additive noise 7; ~ N(0,02) S& 
A/D = kT 


Received output r; 


Estimated data U; 


Fig. 1. System Model. 


u; © {0,1} 


NRZb; | B(D) 


Partial 
Response — 
Channel, 


P(D) 


X(D) = B(D) P(D) 
nj 


R(D) = B(D) P(D) + N(P) 


rj 


Distance 
2 = min || X(D)-X (D) II? 


Fig. 2. Simplified Partial Response System Model. 


Incorrect sequence, X'(D) 


+] +] +] \ +] +] +] +1 


a 


Correct sequence, X(D) 


Fig. 3. Threshold detection, @’ = Min IIX(D)— XD) II =1 | 


Incorrect sequence, X'(D) 


Correct sequence, X(D) 


Fig. 4. PRML detection, P(D) = 1-D, @’ = Min X(D)- XD) I" =2 . 


Incorrect sequence, X'(D) 


Correct sequence, X(D) 


Fig. 4. TCPR detection, P(D) = 1-D, & = Min II X(D)- XM) P=4 . 


1.Track Width and SNR will decrease; 


2.Efficient signalling allows a 
interference; 


3.Detection by maximum-likelinood sequence 
estimation; 


4.Write precompensation alleviates nonlinear 
transition shifts; 


5. Adaptive euqalization improves performance 
when conditions vary; 


6. Trellis codes allow reliable detection even 
with low SNR. 
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"Small Form Factor 
Drive Design Tradeoffs" 


Bob Kobliska 


Aura Associates. 


Institute for Information Storage Technology 
santa Clara University, California 


December 14 - 16, 1992 


MARKET (1.8" AND SMALLER) 


NOTEBOOKS 
SUB-NOTEBOOKS 
PALMTOPS 
"MOBILE COMPUTING" 
REMOVABLE STORAGE 
NEW MARKETS: 
FAX 
TELEPHONE 
AUDIO 
DATA LOGGING 


REQUIREMENTS 


ADEQUATE STORAGE CAPACITY 
LOW COST 

LOW POWER 

SMALL AND LIGHTWEIGHT 
PCMCIA FOR REMOVABILITY 
SHOCK RESISTANCE 
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TECHNICAL OPTIONS 


READ/WRITE 


INDUCTIVE HEADS 
MAGNETO-RESISTIVE HEADS 
VERTICAL RECORDING 
PLANAR Si HEADS 


CHANNEL 


PEAK DETECTION 

ZONE BIT RECORDING 
MODULATION CODE 
ERROR DETECTION CODE 
PRML 

ADAPTIVE EQUALIZATION 


SERVO 


DIGITAL VERSUS ANALOG 
EMBEDDED SECTOR VERSUS DEDICATED 


MECHANICAL 


C.S.S. VERSUS HEAD LIFTERS/RAMPS 
CONTACT RECORDING 
KEY ISSUES: 
DURABILITY,STICTION 
SHOCK, VIBRATION 
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ch Technology Evolution 


‘Current Generation 
7 vTap Film 


“<2, Future Generation 


Capacity per Disk 


READ/WRITE INTERFACE DESIGN 


GOAL: MAXIMIZE CAPACITY PER DISK 


CONSTRAINTS: 


LIMITED SURFACE AREA 
LOW LINEAR VELOCITY taf 
FLYING HEIGHT (RELIABILITY) ~ | nae oat om bls 
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DESIGN OPTIONS: 


RPM 
HEAD DESIGN ns, je ccttnien BS 

4 hb Bite TD» Co Le 
FLYING HEIGHT PROFILE ~ es 2" ©" 
DISK DESIGN eR a ee 
ZONE BIT RECORDING Dewe = veftere = fom of gen 
PROGRAMMABLE FILTERS FOR EQUALIZATION 
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HEAD DESIGN ISSUES 
(INDUCTIVE) 


READ/WRITE 


NOMINAL FLYING HEIGHT | 
# OF TURNS UP innwrn om o ait 
RESISTANCE/INDUCTANCE  . 34 && wie Vita. 
GAP LENGTH 

POLE TIP GEOMETRY 
POPCORN/BARKHAUSEN NOISE 


MECHANICAL 


REQUIRED FLYING HEIGHT PROFILE 
AIR BEARING DESIGN SELECTION 
2 RAIL TAPER FLAT 
TPC 
TRI-RAIL 
TAPER FLAT DESIGN - 2 RAIL 
SLIDER SIZE 
RAIL-WIDTH 
GRAM LOAD 
SUSPENSION DESIGN 
. Z-HEIGHT 
OFFSET 
CROWN 
CAMBER 
BLEND 
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R/W ELEMENT FLYING HEIGHT (nm) 


RADIAL DEPENDENCE OF FLYING HEIGHT 
FOR DIFFERENT SLIDER BLENDS 
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MAGNETIC DISK ISSUES 


READ/WRITE 


READBACK SIGNAL 
MrT 
COERCIVITY 
SQUARENESS — 
NOISE - L oe 
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MODULATION 
DEFECTS 
ANALOG VERSUS DIGITAL 
UNIFORMITY 
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CIRCUMFERENTIAL 


TRIBOLOGY 
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MECHANICAL 
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SEMICONDUCTOR CHIP REQUIREMENTS 


FUNCTIONS TO BE PERFORMED: 


 READ/WRITE PREAMP 
.-READ/WRITE CHANNEL 
PULSE DETECTOR 
PLL 
ENDEC 
FREQ. SYNTH. 
FILTER/EQUALIZER 
WRITE PRECOMPENSATION 
SERVO DEMODULATOR 
ays SERVO CONTROLLER 
“MICRO-CONTROLLER 
VCM/SPINDLE/LATCH DRIVERS 
MASS STORAGE CONTROLLER 
ECC 
BUFFER 
INTERFACE 


Mag 
: Af ed "7 7 

° py & a as ais 
AYA at TY 


SPEED/DATA RATE 

24 => 40 Mb/sec 
POWER 

VOLTAGE , 5 => 3.3 VOLTS 

POWER SAVING, SLEEP/IDLE MODES 
RELIABILITY 
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SUMMARY 


THE AREAL DENSITIES WHICH WILL BE ACHIEVED IN 
SMALL FORM FACTOR DISK DRIVES WILL BE COMPARABLE 
TO THOSE OBTAINED IN LARGER DRIVES 


THE HEAD/DISK INTERFACE MUST BE CAREFULLY 
DESIGNED TO OBTAIN ADEQUATE MECHANICAL AND 
MAGNETIC RECORDING PERFORMANCE 


THE SEMICONDUCTOR CHIPS AREA GATING FACTOR IN ———#- 
THE DESIGN OF SMALL FORM FACTOR DRIVES 


FORTUNATELY, THE HIGH DATA RATES OF LARGER 
DRIVES REQUIRE THE DEVELOPMENT OF CHIP 
TECHNOLOGY THAT CAN BE LATER INTEGRATED INTO 
SINGLE CHIP SOLUTIONS FOR SMALL DRIVES 


MECHANICAL RESONANCE PROBLEMS ARE LESS SEVERE 
FOR SMALL FORM FACTOR DRIVES, HOWEVER THE SHOCK 
AND VIBRATION ISSUES CONTINUE TO PROVIDE 
MECHANICAL DESIGN CHALLENGES 
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Case Study: 
1.3 Inch "Kittyhawk”" Drive 


Carol Schwiebert 
Hewlett Packard 
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December 14 - 16, 1992 


HP Kittyhawk Personal Storage Module 
Product Description 


Stores 21.3 Mbytes of Data (Formatted) 

Module is 10.5 mm High, 36.5 mm Wide and 50.8 mm Long 
Weighs about 28 grams 

Supports AT and PCMCIA Interfaces 

Industry-Leading 100 g Operating Shock 

MTBF of 300,000 Hours 

Average Start Peak: 2.2W 

Average Read/Write: 1.5 W 


Sleep Mode of 15 milliwatts 
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Kittyhawk Design Decision Criteria 


mM Size 

Mm Schedule 

m Cost 

mM Ruggedness 


Ps) Low Power 


HEWLETT 
PACKARD 
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RIHMD.doc, 11/18/92, C. Schwiebert 


@ 


July 1991 - What's Available? 


M@ Heads 


® Suspensions HTI Starting to Announce that They will Soon Have 
‘Prototype Samples of their New T-16 Integrated 
Gimbal Small Drive Suspension for 70% and 50% 
Heads | 


@ 42-Turn 70% TF Available 


Head Companies Talking About: Proto Mechanical Samples 
for 50% 


>50-Turn TF 
mM Disks 


@ No Vendor even Working on this Size 
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Media Design 


M@ Glass 


@ Flatter and Smoother 
@ Lower Flying Height 
@ Lower Friction 


@ More Impact Tolerance 


m 34mmOD 


@ Largest Size that can Fit in the Form Factor 


mM 15 mil Thickness 
@ Thinnest We Thought We Could Get 


i ee 
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m@ MTBF: 300,000 Hours 


MH Start/Stops: >100,000 


Operating 
mm Temperature -5° C to 55° C 
mM Humidity 8% to 80%/28° C 
@ Altitude -30.5m to 3046m 
mM Shock 100g/3ms 
m Tilt Any Orientation 


Ruggedness / Reliability 


Non-Operating 
-40° C to 70°C 
5% to 85%/28° C 
-305m to 15,240m 


225g/3ms 
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Kittyhawk Ruggedness Philosophy 


a The Three Critical Parameters 


@ Motion Head Slap, Bernelling & Off-track 
@ Wear Head & Media Wearout, & 
Stiction/Friction 


@ Environment Temperature Cycling, Humidity & 
Altitude 


a 
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Ruggedness Impact on Head/Media Design 


mM Very Low Stiction/Friction over Entire Temperature and 
Humidity Range | 


m@ Need to Minimize Damage due to Head Slap and Head Skating 
M@ Higher Corrosion Requirements 
m Severe Requirements on Media Flatness and OD Rolloff 


Zz Robust Servo Design 


a 
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Static Friction During CSS Wear 


70% Slider 50% Slider 
Mean Mean 
EE a 


‘i Static Friction, mN 


mean stiction limit 


10 100 1000 10000 100000 
Contact Start/Stops 


20-sec Dwell Time 
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Static Friction: Effect of 


Temperature and Relative Humidity 


70% Slider, 50% Slider, 50% Slider, 
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Static Friction: Effect of Dwell Time at 100kKCSS 
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Head/Media Mechanical Parameters 
Impacting Ruggedness 


HGA Roll and Pitch Static Angle 


Drive Build Tolerances 
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Edge Blend 
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@ Slider 
@ Suspension 


Gimbal Design 
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mM 3 Heads, Thin Film, 50% Slider 

m@ Areal Density: 117 Mbits/sq. in. 

M@ Track Density: 95 trk/mm 

m@ Linear Density: 1456 fc/mm 

mM Conventional Rail, 2.7 pin Flying Height 
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